Objectives: To review evidence of hearing loss as a risk factor for dementia. Data Sources: PubMed Review methods: A systematic review was conducted using the PubMed database using the search terms (hearing loss OR presbycusis) AND (dementia OR cognitive decline). Initially, 488 articles were obtained. Only those studies evaluating an association between hearing loss and incident dementia or cognitive decline were included in the analysis. This resulted in 17 articles which were thoroughly evaluated with consideration for study design, method for determining hearing loss and cognitive status, relevant covariates and confounding factors, and key findings.
INTRODUCTION
Dementia and hearing loss are both highly prevalent neurologic conditions in older adults, each having considerable impact on quality of life.
1,2 A growing body of literature suggests that these two conditions are interrelated and that hearing loss may be a risk factor for the development of dementia in older adults. 3, 4 Though several epidemiological studies have demonstrated this association, the causal link of how hearing loss increases the risk of developing dementia is not well understood.
Several possible means have been identified. One line of thought is based on the impact of hearing loss on cortical processing. Hearing loss increases the cognitive load, diverting cognitive resources to auditory processing at the expense of other cognitive processes such as working memory. 5, 6 Another hypothesis is that hearing loss leads to social isolation, which has been shown to contribute to dementia. 7, 8 The third prominent explanation is that there is a common cause to both diseases and that hearing loss is the early manifestation of the underlying pathology. [9] [10] [11] It is also possible that these proposed mechanisms are not mutually exclusive, and decline in one pathway consequentially affects the others.
Better understanding the etiology behind the connection between hearing loss and dementia could help lead to interventions that preserve cognitive function in hearing loss patients. In this way, hearing loss could serve as a potential modifiable risk factor. It is suggested that interventions delaying the onset of dementia by even one year would decrease the worldwide prevalence of dementia by 10%. 12 Thus, there is compelling motivation to pinpoint the role hearing loss has on cognitive decline. The object of this study is to further investigate this connection. This will be performed through a systematic review of epidemiological studies published on the topic. Each study will be evaluated with consideration to design, method for determining hearing loss and dementia, relevant covariates and confounding factors, key findings, and conclusion.
METHODS
The MEDLINE database was used to search for all English and non-English studies linking hearing loss to cognitive decline up through June 1, 2016 using the following search term: (hearing loss OR presbycusis) AND (dementia OR cognitive decline). The search details are as follows: ( ) . From this criteria, 488 articles were identified. Articles were excluded if they did not examine hearing loss as well as dementia or cognitive decline. This narrowed the collection to 131 relevant articles.
The remaining 131 articles were evaluated through their abstracts, and where necessary, full text. Articles were removed if they did not test the connection of hearing loss to incident dementia or cognitive impairment. All news articles, nonacademic research, case reports, editorials, commentary and reviews were removed. Three non-English articles were excluded because they could not be translated or acquired. Of the 131 articles, 17 fit the inclusion criteria and evaluated the correlation of hearing loss with dementia (see Table I ).
Each article included was thoroughly evaluated with thoughtful consideration given to the many design elements discussed below.
RESULTS
Twelve of the 17 studies (70.6%) included in this analysis were prospective cohort studies measuring hearing loss as a risk factor and some form of dementia as an outcome. 3, 4, [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] Four of the 17 studies (23.5%) were cross-sectional. [23] [24] [25] [26] Twelve of the studies followed participants living in the United States. Five took place in other localities: Italy (1/17), 24 Australia (1/17), 25 Germany (1/17), 26 Taiwan (1/17), 20 and Japan (1/17). 22 The number of participants ranged anywhere from 200 to 1,338,462. All of the prospective studies measured hearing and cognition at baseline except for one, which measured it at the end of the period observed.
Dementia Status Ascertainment
To determine cognitive function and level of decline, 64.7% (11/17) of the studies used either the Mini-Mental State Exam (MMSE), 3, 14, 21, 22, 24, 25, 27 or more recent variations of the MMSE entitled the Modified Mini Mental State Exam (3MS or 3MS-R). 13, [15] [16] [17] Three studies used the Digital Symbol Substitution Test (DSST) to assess cognition, 4, 17, 19 one of which also employed the 3MS. 17 Other instruments to measure cognition included a system of self-report (1/17), 18 complete neurological exams (2/17), 14, 23 or extensive batteries of cognitive tests (5/  17) 3,4,13,24 (see Table I ). Only one study (1/17) evaluated family history of dementia. 27 
Hearing Loss Ascertainment
Among the studies examined, there was variation regarding criteria for determining baseline hearing acuity. The most consistently reported measure for determining hearing loss was pure tone audiometry at 58.8% (11/17) . 3, 4, 13, 14, 16, 17, 19, [23] [24] [25] 27 Seven of the 11 studies using audiometry (7/11) obtained a pure tone average (PTA) using the thresholds 500, 1,000, 2,000, and 4,000 Hz, 3, 4, 13, 17, 19, 23, 25 two of which measured thresholds beyond this range. 17, 25 One study did not use thresholds higher than 3,000 Hz; 27 another did not measure above 2,000 Hz.
14 One study obtained a single measure at 2,000 Hz and did not obtain an average. 16 Even among these 11 studies using audiometry, the classification for the severity of hearing loss varied slightly. Three studies (3/17) used the common system classifying mild as >25 dB to 40 dB, moderate as 40 dB to 70 dB, and severe as >70 dB. 4, 19, 23 One study stratified hearing loss as mild (20-29 dB) , moderate (30-39 dB), and severe (>40 dB). 27 Another study stratified as mild (20-40 dB) , moderate/ severe (>40 dB). 25 Another study stratified as mild (26-40 dB HL) and moderate/severe (>40 dB HL). 13 Five studies did not stratify at all and simply measured hearing loss as present or absent for anything above 25 dB (2/17), 3, 17 14 The six studies not using audiometry used medical codes such as ICD-9 and ICD-10 (2/17), 20, 26 or more subjective measures such as clinician ascertainment of hearing loss during an interview (1/17) 15 and self-report of hearing loss (3/17) . 18, 21, 22 No studies reported specifically on word recognition or speech discrimination scores as a metric of hearing loss. Hearing aids were controlled for 58.8% (10/17), 3, 4, 13, 16, 17, 19, 21, 23 only one of which did not directly test the effects of hearing aids on cognitive function. 13 Six found no reduction in cognitive decline with hearing aid use. 13, 16, 17, 23 Only three studies determined that hearing aids decreased cognitive decline. 4, 19, 21 Covariates Many studies controlled for potentially confounding variables such as diabetes, hypertension, smoking status, high cholesterol, and history of stroke or cerebrovascular disease. 4, 13, [15] [16] [17] [18] [19] [20] 22, 23, 25, 26 Some studies controlled for less commonly tested variables such as depression (7/ 17) 4,17,20-22,27 and a genetic test indicating the presence of the APOE-e allele which has been identified as being associated with Alzheimer's Disease (AD) (1/17). 15 
Evaluating Hearing Loss as a Risk Factor for Dementia
All of the studies (17/17) indicated that hearing loss is independently associated with higher incidence of dementia. The majority of the studies (12/17) quantified the relationship using standard deviations, hazard ratio, relative risk, or odds ratio. 4, [13] [14] [15] [16] [17] [18] [20] [21] [22] 24, 26, 27 Four studies (4/17) found a dose-response relationship between the severity of hearing loss and an increased risk of cognitive decline. 13, 18, 19, 23 One study found that for every 10 dB HL at baseline, there was a 1.27 increased risk for all-cause dementia and 1.20 increased risk for developing AD. 23 Another study found the dose response curve to be a 1.5 point score decrease in the DSST cognitive test for every 10 dB HL. 19 A third study found that for every 1 point increase in the hearing impairment scale, the likelihood of developing dementia five years later increased by 22%. 18 Another study found the dose response to be an increased hazard ratio of 1.14 for every 10 dB HL. 13 Two of the studies (2/17) also employed other measurement systems; for example, a 25 dB hearing loss is the equivalent cognitive performance of an individual 6.8 years older (1/17), 3 or moderate to severe hearing loss resulted in worse scores on the MMSE (1/17). 25 One study (1/17) quantifying the relationship with a hazard ratio also found a 0.26 points per year faster decline on 3MS-R when HL was present (see Table I ). 15 
DISCUSSION
All of the studies evaluated in this review found hearing loss to be associated with dementia or cognitive decline. This substantially supports the hypothesis that hearing loss is a risk factor for dementia. Because of the considerable variability among the studies regarding how dementia, hearing loss, and potential confounding variables were determined, careful scrutiny and comparison of these methods is crucial to fully appreciating the validity of this observed association.
Most of the studies (8/17) utilized the Mini Mental State Exam (MMSE), or a variation of it, the Modified Mini Mental State Exam (3MS). In the MMSE, the patient is instructed to perform a series of basic tasks. The patient's performance is quantified numerically and is assigned a score from 0 to 30. A score below 24 usually indicates dementia. However, some flaws have been found in the sensitivity of the MMSE, which led to the development of the 3MS which is similar but slightly longer and extends the scoring system to a range of 0 to 100. 28 Both the 3MS and MSSE are valid for detecting and tracking dementia but have difficulty identifying lower levels of cognitive impairment. 28, 29 Three articles (3/17) utilized the Digit Symbol Substitution Test (DSST) to assess dementia. 4, 17, 19 It is a sensitive executive function test which has patients code a series of numbers with symbols. 30 It is thought that the faster the patient matches the symbols with the correct numbers, the better their cognition is. This particular test does not rely heavily on auditory function, as the patient does not receive continual instruction from the clinician to complete it. However, other cognitive function tests which rely on a patient using auditory processing-for example, responding to spoken questions-are significantly impacted by an auditory impairment. [31] [32] [33] If patients have hearing loss, they may perform worse on certain cognitive tests, though they may not have any cognitive dysfunction. This could make the correlation of hearing loss with dementia appear higher than it really is. Tests relying on auditory instruction from the clinician include the MMSE and the 3MS, discussed previously. However, several studies (7/17) used a variety of methods for evaluating cognition that did not rely heavily on auditory function, including a variety of tests that rely almost entirely on the patient's ability to use a pen, paper and cognitive faculties. 4, 13, [17] [18] [19] 23, 24 Hearing loss was also measured a variety of ways. Some studies used more subjective measures. Gurgel et al. and Wallhagen et al. used clinician assessment of HL and patient self-report of HL, respectively, and found a strong correlation between HL and incidence of dementia years later. 15, 18 Although less quantitative, studies have shown subjective measures to be a reliable method for ascertaining HL, but may reveal a slightly higher prevalence of hearing loss than objective measures. [34] [35] [36] Though accurate, from this method it is not possible to determine how HL severity corresponds to dementia risk.
Pure tone audiometry was the most common method for determining hearing loss (11/17). 3, 4, 13, 14, 16, 17, 19, [23] [24] [25] 27 Pure tone averages (PTA) can quantify the severity of hearing loss (HL) and categorize HL as mild (25-40 dB HL), moderate (40-70 dB HL), and severe (>70 dB HL). Stratification of HL severity provides information helpful in elucidating the relationship of HL to dementia. Three studies showed that as hearing loss severity increases, the odds ratio (OR) and hazard ratio (HR) for developing dementia increases accordingly. 17, 23, 27 Uhlmann et al. noted the most drastic relationship, showing mild HL corresponded with an OR of 1.5, moderate HL with an OR of 2.2, and severe HL with an OR of 4.1. 27 One limitation of the studies evaluated was that none reported on word recognition scores (WRS) or speech discrimination scores that are obtained in routine audiometry as predictors for dementia. The WRS has been recognized as an important metric in reporting hearing outcomes. Indeed, it may be the most important metric of hearing acuity because it has predictive value on how well an individual will respond to aural rehabilitation (i.e., hearing aids). This should be considered a covariate in future studies. 37 In discussing accuracy of hearing loss ascertainment, it should be noted there are several studies that indicate that pure tone audiometry fails to adequately assess central auditory processing. [38] [39] [40] This would indicate that while PTA is an accurate measure of hearing loss, it may not lend itself to proving or disproving different hypotheses of hearing loss and dementia.
Only two studies evaluated central auditory processing. They utilized the Synthetic Sentence Identification with Ipsilateral Competing Message test (SSI-ICM) and the Staggered Spondaic Word Test (SSW). 14, 24 Due to the fact that central auditory processing, peripheral auditory, and cognition function are all likely interrelated, studies are most powerful when all three elements are evaluated. 41 Gates et al. showed that central auditory processing disorder (CAPD) was related significantly to performance decline on the MMSE. 14 The relative risk for dementia in patients scoring poorly on the SSI-ICM exam in one ear was 6 (p 5 0.2), and was 12.5 (p 5 0.001) for patients scoring poorly in both ears. Quaranta et al. also found that CAPD increased the odds ratio for developing Alzheimer's disease dementia (OR of 4.2 [p 5 0.03]).
Cardiovascular risk factors, such as hypertension, diabetes, hyperlipidemia, and smoking, have been shown to increase one's risk of developing dementia. 42, 43 Controlling for cardiovascular risk factors is necessary for accurately measuring the relationship of hearing loss to dementia. The majority of the studies (13/17) controlled for at least one cardiovascular risk factor. Whitmer et al. found in a group of 8,845 individuals that the hazard ratio (HR) for developing dementia if only one CV risk factor was present was 1.27. 43 If four risk factors were present the HR rose to 2.37 (95% CI 1.10 to 5.10). Therefore, the presence of CV risk factors, could confound the association between hearing loss and dementia.
In 61.5% (9/17) of the included articles, the impact of hearing aid use on cognition was evaluated. 3, 4, 16, 17, 19, 21, 23 Most of these studies (6/17) found no correlation between hearing aid use and level of cognitive function. The two studies that did find an association (2/17) found that hearing aid use diminished the likelihood of cognitive decline. 4, 19, 21 However, among the studies, hearing aid use was usually determined by a yes or no question. Such simplistic measures leave significant gaps regarding compliance and proper management of hearing aids, thereby making their assessment of hearing aid impact on cognition less conclusive. Other articles not included in our systematic review indicate that hearing aids may not improve cognition. 44, 45 Conversely, other studies have indicated that improving hearing through the use of hearing aids or cochlear implantation has positive effects on cognition. [46] [47] [48] [49] Additional prospective studies with reliable methods for determining hearing aid use and compliance would be necessary to fully ascertain hearing aid impact on cognitive decline.
Family history of dementia was only controlled for in one of the studies. Uhlmann et al. found the odds ratio (OR) of having dementia in the presence of a family history of dementia was 3.3 (confidence interval 1.7-6.4). However, having a family history of dementia doesn't necessarily preclude hearing loss from serving as a risk factor for dementia, as one proposed mechanism behind the HL-dementia relationship is that both diseases are results of a shared underlying pathology. Therefore, it is unclear what impact controlling for family history would have on the conclusion of the remaining 16 articles. Evaluating family history in the context of studying hearing loss as a risk factor for dementia could provide valuable insight into the etiology behind the connection.
Based on the studies reviewed in this article, there is an overwhelming consensus that hearing loss is a risk factor for incident dementia. However, due to inherent limitations in epidemiological studies, these articles do not adequately describe exactly why hearing loss is a risk factor. There are multiple hypotheses on how hearing loss is associated with dementia: the cognitive load hypothesis, psychosocial hypothesis, and the commoncause or shared neurobiological pathology hypothesis. In an extensive review on the cognitive load hypothesis, Pichora-Fuller explains that as hearing diminishes, mental resources are diverted toward auditory perception. It is thought that as cognitive activities are continually neglected at the expense of hearing, dementia will ensue. 50 An alternative hypothesis regarding the relationship of HL and cognitive decline involves various psychosocial factors that likely influence cognitive ability and function. Individuals with HL have difficulty communicating and maintaining interpersonal relationships, often resulting in social isolation. 51 Mick et al. found in a nationally representative sample of 860 females between the ages of 60-69 that hearing loss is associated with increased odds of social isolation with an odds ratio (OR) of 3.49 per 25-dB HL (95% confidence interval). 46 Fratiglioni et al. demonstrated that individuals who were single, living alone, and had few relatives/friends were at an increased risk for dementia. 52 Thus, it is possible that as hearing loss sets in, social activity diminishes leading to dementia. Seven of the included studies (7/17) measured and controlled for depression. 4, 17, [20] [21] [22] [23] 27 Since depression is a known risk factor for the development of dementia, controlling for this covariate strengthens the association that hearing loss is an independent risk factor to dementia in older adults.
Another notable hypothesis is the common-cause hypothesis. In a comprehensive review of the potential causal links of hearing loss leading to dementia, Wayne et al. explain the possibility that a single factor associated with old age leads to both neurologic processes. 10 Gates et al. suggested that central auditory dysfunction and executive dysfunction may arise from the same neurodegenerative process. 11 If there is a single cause for both neurologic processes, it is possible that hearing loss is merely an early manifestation of dementia during its pre-clinical phase. 9 One of the notable limitations of this review article is that several non-English articles were not able to be translated and evaluated. It is unclear how the inclusion of these potentially informative articles would impact the discussion of this study. In addition to non-English articles not reviewed, there may have been other studies that investigated hearing loss and dementia but found no connection. It is possible that such studies were not published on account of their negative findings. The articles that were not published could potentially alter the conclusion of the current study. However, we believe that the 17 articles evaluated in this study are a strong and accurate representation of the topic. Another limitation of this review is the difficulty of comparing results due to the variety of tests used to assess HL and dementia. This is likely due to a lack of standardized assessment for both hearing loss and dementia. Additionally, there are limitations regarding how data is obtained, potentially obscuring the relationship of hearing loss as a cause of dementia. As mentioned previously, if the patient is administered a cognitive test that requires hearing, then the patient may not perform to their full cognitive potential. This potential flaw could obscure the connection, making it appear that hearing loss is associated with cognitive decline in cases where this may not be true. Furthermore, longitudinal epidemiologic studies are very time-intensive and usually rely on data already gathered for a different purpose; therefore, the methods of assessment may not be ideal to the researcher. It is notable, however, that in spite of the different assessments utilized in this body of research, the conclusion for nearly all articles was the same: that hearing loss is associated with and is a risk factor for incident dementia.
Although cross-sectional studies provide valuable insight into the correlation of hearing loss and dementia, they cannot provide causality, making it difficult to observe the etiology behind the connection. More prospective studies should be done on this subject in order to identify causation rather than just correlation. Careful consideration for confounding variables such as cardiovascular risk factors help the investigator determine which variables, including HL, are influencing the development of dementia. Furthermore, identifying the exact reason hearing loss is a risk factor for dementia would require longitudinal studies to account for other variables, including social isolation and depression. Wayne et al. suggested that an effective way to identify why hearing loss precedes dementia is to intervene in various proposed causal pathways and observe their impact on cognition. 10 Studies performed this way could reveal valuable insight as to why hearing loss is a risk factor for dementia. The more we know about dementia and its causes, the closer we are to a cure.
CONCLUSION
Multiple epidemiological studies have shown that hearing loss is an independent risk factor for the development of dementia. Future studies controlling for potentially confounding variables and mechanistic studies will be necessary to further elucidate this association.
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